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SUMMARY

This report refers to a small dc brushless motor with logic
controlled semiconductor commutation power supply to provide reversi-
bility and to include a speed control system. The objective of the work
is to explore the possibility of building such a motor in a 3/4" diameter
x 1-1/4" length body. The work done covers the design development
and testing of an engineering model including environmental tests., Per-
formance tests were conducted for motor operation in continual run
and in a stepping mode with pulsed inputs,

The running performance of the motor agreed quite well with the .
calculated performance, producing maximum efficiencies in the region
of 55% for the motor input only. The logic control power supply works
and provides equally good performance in either direction, Operation
of the motor by 1 millisecond pulses of voltage is not satisfactory
because the mechanical steps resulting are erratic and dependent upon
the starting position of the motor rotor. The motor speed control has
not worked satisfactorily because of instability when the loop system is
closed, It is believed possible with further analysis to find some method
of system gain control to achieve stability in the speed-control system.,
Tests of the motor in the environmental conditions specified for shock
and vibration were successfully passed, There is some indication of a
lack of stability in the sensor output which is believed to be the result
of construction of the sensors using separate parts encapsulated with
an Epon resin. In general, it has been demonstrated that it is feasible
to build a dc brushless motor in a size 0.750" diameter x 1.3 12" long
and having the equivalent of a six bar commutator, and that control of
motor direction of rotation can be obtained by a single reversing signal
to the logic control of the commutation power supply.
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1. CONTRACT SCOPE

1.1 . General, The contract covers the developmerit of a small
Brushless DC Motor and a breadboard electronic circuit with the general
intent of obtaining minimum torque pulsations. A system of speed control
by an external frequency controlled signal was to be provided, The per-
formance of the system in a pulsed input stepping mode was to be eval-

uated,

1.2 Performance Requirements in Specifications, The impor-

tant performance requirements of J ?L Spec GMY-50464-DSN are
repeated here for completeness, comprising sections 3.3, 3.4 and 3.5,
3.3.1 General. The Brushless DC Motor does not utilize a
commutator or brushes. Commutating shall be accomplished by a
switching circuit, controlled by a shaft positioning sensor.,

3.3.2 Motor size, The outside diameter of the motor shall

be 0.75 inch., The length, exclusive of the shaft, shall not exceed

1.25 inches,

3.3.3 Mounting flange. The motor shall have a mounting

flange, which will extend above the outside diameter specified in
3.3.2, The mounting flange shall conform to JPL Drawing A 129847,

3.3.4 Motor speed. At continuous operation, motor speed

shall be 4500 rpm at 10V with no external load.

3.3.5 Efficiency, Efficiency shall be maximized within the

consiraints of the other specifications,
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3.3.6 Speed control. Motor speed shall be controlled by an

exterﬁal frequency of rectangular waveform. The speed control
shall be effective within the speed range 5etween 200 and 8000 rpm.,
The external frequency of 2400 cps shall result in a motor speed of
4500 rpm with speed variations of not more than 1.0 percent,

3.3.7 Torque output, At continuous operation from 10V, the

motor shall be capable of developing a maximum torque of 40 gcm
on the motor shaft for a minimum period of 1,0 second,

3.3.8 Stepping rate. On application of a low frequency, square

wave, ac-voltage, the motor shall be capable of stepf)ing at a rate
of at least 500 increments per second, Within the constraints of the
other specifications, the maximum stepping rate shall be minimized.
It is expected to be considerably higher than 500 increments per

second,

3.3.9 Shaft di_splacemex;nt.' In the stepping mode, the angle of
rotation for each stfe:p shall depend only on the voltage applied to
the motor, }Nlth constant voltage pulses, this aﬁglé shall not vai'y
by more than "Sl-féeréent,' dependent on the shaft position, This shall
require a very unifo%m stator winding, Slot effects shall have to be
minimized or the slots may be eliminated by fixing the winding on

the stator bore,

3.3.10 Bearings, Minimum radial play ball bearings shall be

used, The bearings shall not be preloaded and shall be heavily
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lubricated with GE Versilube F50,
3.3.11 Runout, Runout of the motor shaft shall not exceed

0.0003 inch total indicator readout (tir).

3.3.12 Reliability. Throughout the design work, emphasis
shall be placed on achieving the highest reliability and longest life,

3.4 Radio-interference suppression (external and internal),

The motor design shall incorporate features to minimize external
or internal interference with electrical or electronic equipment in
accordance with the requirements of JPL Specification 30236,

3.5 Environmental requirements, The motor shall operate

within the electrical design requirements of this specification .
following the environmental tests listed in paragraphs 4.3.1,4.3.2,
4.3.3.1, 4.3.3.3, of JPL Specification 30250B." .

1.3 Performance Requirements in Statement of Work. The work

program for the contract contains the following performance and test
requirements as stated by Article I, Statement of Work, Hems 1, 2 and
3 as follows:

(1) Design one (1) each engineering model of a brushless D, C,
motor, in accordancé with the requirements of JPL Design
Specification No. GMY-50464, entitled, "Design Specification,
Telecommunications Development, Spacecraft Equipment,
Brushless DC Motor," dated 8 June 1965,

The design of the brushless D, C. motor shall be subject to the
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(2

(3)

following:

(i) Shaft and Shaft Extension. A firm diameter chosen

for the shaft and the extension is 0.1232" with an

extension of 3/8" beyond the face of the motor,

(ii) Bearihgs. The bearings shall be seiected “a.nd lubri R
cated éo to achieve minimal friction combined with
long lifetime.

In the performance of the design effort of the brushless D. C.
motor, the Contractor shall fully inform JPL of its progress
and JPL shall direct the effort toward a design most congruous
with the overall perfprmance requirements of spacecraft
application described in JPL Design Specification GMY-

50464 -DSN. |

Develop ar;d fabricate an engineering model of the bruéhless

D. C. motor and a breadboard circuit capable of demonstrat-
ing conclusions of the desigﬁ ‘deveioped under paragraph >(a)(1)

set forth herein,

- This work shall include the following:

(i) Make detailed drawings that are necessary for
fa bricating the brushless D. C, motor,
- (ii) Punch sufficient laminations for eight {(8) motors,—

Test and evaluate the brushless D. C, motor. The tests and
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evaluations shall be directed toward determiniﬁg feasibility
of the brushless D. C, motor design for subsequent use in
spécecraft application described in JPL Specification No.
GMY -50464-DSN, énd shall includé, but not necessarily be
limited tothe following:
(i) The following motor characteristics shall be
meésured without employing the speed control circuit;

(A) Motor speed, mofor cur,rent,v and overall
efficienc;y versus D, C, voltage at 0, 10, 20 gcm
external torque applied to‘t'he motor shaft, |

(B} Motor speed, overall efficiency, motor current
and outiput power versus shaft torque at 10V, 25V,
and 40V,

(ii) The following motor éharacteristics shall be
measured by employing the speed control circuit:

{A) Pull out torque versus i). C. voltage at the
‘stabilized motor speeds of 2000 RPM, 4500 RPM,
and 80()0 RPM.,

(B) Determine required time to reach the stabilized»
speed of 4500 RPMk versus D, C, voltage without
external load, .

(C) Overall efficiericy of the system at the stabilized
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speed of 4500 RPM versus D, C. voltage at
10 gem and 20 gem external load,

(D) Motor speed versus time ‘dux.'ing accelération to
a stabilized speed of 4500 RPM at no external
load.

(iii) The following stepping characteristics shall be
measured without embloying the speed control circuit:
(A} Maximum and minimum shaft displacement

depending on the rotor position on application of
" one rectangular voltage pulée of 50V, and a
duration of 1 millisecond,

(B) Waveform of the current on application of a pulse

of 50V during I millisecond,

A Technical Direction Memorandum #1 requested that the

electronics package be built as a separate unit and need operate only

in a room environment with a cable connection to the motor at least

six feet long,

1.4 Proposal Outline, A brief outline of our proposal is presented

in the following sections,

1.4.1 Motor and Sensor, The original proposal for the motor

design was based on a two pole, ten slot motor stator using ten-

point commutation, which is equivalent to ten commutator bars
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per pair of poles in an ordinary type of motor, The motor size
and outline were to be made to agree with the specified specifica-
tion outlines, The sensor unit was proposed to be an electro-
magnetic type as used in other dc-brﬁéA}lless motors built by us
except that modifications would be needed to fit within the desired
moior outlines,

1.4.2 Speed Control, The motor speed was tb be controlled

in a manner shown in the diagramatic sketch of A-2667, The square-
wave signal control frequency is fed in on the left side of the cir-
cuit diagram and actuates a one-shot multivibrator. The output of
the multivibrator is a pulse havipg constant amplitude and constant
width, A low-pass filter smooths this signal into a dc signal whose
amplitude varies directly with the frequency of the multivibrator
output signal. This dc signal output is fed into one side of a differ -
ential amplifier, In a similar manner, the motor speed signal is
derived from the voltage drop across one of the motor_ commutaﬁng
transistors, This signal is fed in on the right sidg of the circuit
diagram thrbugh a one-shot mulitvibrator and a lﬁw—pass filter to
form a dc signal proportional to motor speed which is applied to the
differential amplifier, The pulse width of the signal B! can be
adjusted with respect to signal A' so that a motor speed of 4500 rpm,
corresponiding to 75 Hz, will be equal to that of signal A' corre-

\s’ponding to 2400 Hz, Thus the pulse width of the signal B! will be
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32 times as wide as signal A'. The two low-pass filters will have
the same amplitude of dc signal and the net input to the differential
axilplifier will be zero', with zero output to the variable voltage
absorption circuit. If the two speeds are not in the balance of 32
to 1, the higher frequency signal v;/ill have the higher amplitude of
de from its low-pass filter. The differential amplifier is to be
arranged so that when the motor speed is higher than required, a
voltage drop will result in the variable voltage absorption circuit,
This will decrease the voltage on the motor and slow it down until
the balance point-is reached at the governed speed setting, The
sensitivity of control can be varied 'by adjusting the gain of the
differential amplifier,

1.4.3 Stepping Mode. The characteristics of the dc brushless

motor in a stepping mode are difficult to predict, The ability of
such a motor is depéndent upon having a low mechanical moment

of inertia and a low electrical inductance. Because of the nature of
the design which of itself makes the motor mechanigany small, the
moment of inertia of the rotor will be correspondingly small, Since
the stator winding will be confined to a small volume its electrical
inertia ér inductance will also be small. Consequently, the machine
theoretically will have a high stepping rate because of its small
_size, For produc.ing uniformity of steps regardless of geometrical

position, it is certainly desirable to have as many commutation
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points as possible to insure this uniformity, It therefore appeared
very desirable that a minimum of ten-commutation points be

chosen,
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2, MOTOR AND SENSOR
2,1 General., For the main body of this report, the final motor

and sensor will be discussed, Appendix I contains data on additional
designs made prior to the final choice. Although it was possible to
build a motor in the 1,25" length allowed, enough improvement in per-
formance was obtained by increasing the length to 1,3 12" to obtain
approval for this greater length for the final motor, Where the motor
body size is quoted, this includes the sensor unit which is mounteci in
the motor case, After initial consideration of an 11 slot stator, it was
finally decided to make the stator with 12 slots permits the choice of a
ring or star winding with a minimx;m amount of coils such as six (6)
full pitched coils, which can be connected in either ring or star man-
ner, It was decided not to use the star type of winding because the dis-
sipation of the stored energy in the armature coils during commutati(_)n
could result in added losses and possible commutation problems, In
order to keep the size of the motor stator to a minimum, the yoké rings
which form the return path of the stator flux at the outer periphery were
made from ferro-cobalt material which was checked for magnetic
properties after being hydrogen annealgd. Low silicon content steel is
used for the armature lamination, :The details for the lamination a.nd'
punch are shown on drawings B-2751 and A-2752, The ID of the arma-
ture laminations B-2 751, is 0.313", After final assembly of the stator

when it is encapsulated in the case, this ID is bored out to 0,3425"
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leaving a nominal thickness of 0.003" between the ID and the bottom
of the slots, Although some of the magnetic flux is shunted off by this

bridge ring, any tendency towards slot lock effect is reduced by avoid-

ing the shafp permeance changes caused by open slots, The final wind-
ing choice was 12 coils, each 82 turns per coil #38 HF wiré, full pitch,
2 coil sides per slot and connecéted in a ring winding with 12 leads
coming off from the coil junction points. The resistance across the

diameter of this ring winding measured 36.0Q at room temperature,
Alnico IX material was chosen for the rotor magnet because this
material has a very high coercive intensity and energy product. The
magnet is enclosed in a 303 stainless steel housing with a wall thick-
ness of 0;010". An actual physical air gap of 0.0 05" exists between the
stainless steel rotor cover and the ID of the finished stator. This gives
a 0,01 5" éffective magnetic air gap. The overall length of the stator
stack and of the Alnico rotor is 0,372", with an overall motor length

of 1.312",

This motor design can easily be modified to obtain more or less
torque by changing the length of the stator stack and of the Alnico
rotor. The overall motor length will change correspondingly. This is
shown on the generalized motor drawing B~2757.. X may be any value
between 0,3" and 1,00",

2.2 Motor Construction, The final motor assembly is shown on

drawing B~2966 .. This drawing shows the motor and sensor unit in

cross-section, with the motor case enclosing this sensor hou sing at the

end opposite the shaft extension,

2,2,1 Stator, The motor stator consists of 26 laminations B-2751,
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These laminations are sprayed on one side with an epoxy adhgsive and
stacked in a suitable fixture with guide pins to align the slots and then
baked under heat and pressure to obtain a self supporting stator stack.
The OD of this stator stack is then turned to give é size to size to
0.0003" loose fit under the yoke ring lamination A-2752 which is
assembled on it after the winding is in place, The stator winding 'con-r
siéts of 12 coils each 82 turns #38 HF wire.' Each‘ coil is inserted in
the stator to have a full piﬁch (slot 1 to slot 7) and form a lap winding,
Each coil will have one side in the lower part of a slot and one side in
an upper part of another slot 180° away from the first slot, The winding
thus looks symmetrical when viewed from thé end and does not have any
bulges such as may be produced when coils are wound unsymmetrically
with one coil hafring both its sides in the upper halves of the slots which
the coil occupies. Each of the coils is connected to its following one
{finish 1 - start 2} with a lead conne‘cted to the junction, This makes 12
leads in all, which in an ordinary motor would be connected to a 12 bar -
commutator, Approximately 36 yoke rings A-2752 are then assembled
on the OD of the stator. In order to reduce the winding overhahg foa
minimum, the winding pressing fixture A-2812 is assembled on the
winding so that the overhang is retained between two cylinders of metal
while a third cylinder is pressed down on the winding between the other

two cylinders in order to compact the winding. This is necessary in
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order to hold the overall 1éngth to the required minimum. Slots are
provided in the pressing cylinder for the twelve leads to emerge from
the winding overhang. The winding is impregnated with a suitable
electrical varnish and baked. During the baking cycle, the wihdin_g
overhang is held under a very light pressure so that it will not expand.
The OD of the yoke rings is then finished concentric to the stator tunnel
just enough to clean off the exce’ss varnish and lightly touch the metal
surface, so the assembly will fit in the case with a slide fit, It is
important to maintain concentricity during this and following finishing
operations so that the final bridge ring will be uniform. The statof is
assembled in the motor case and the leads brought out through the
appropriate gromme.t exit hole, The stator assembly is then encapsu-
lated in tk;is case with a suifable epoxy encapsulating resin, During the
encapsulation baking cycle a teflon plug must be pushed into the open
end of the case so that the encapsulated stator length will not exceed its
specified value, After the ‘encapsulating resin has hardened, the stator |
- tunnel is finished to its final size of 0,343" nomirj;al. At the same setting,
the front bearing tube is al;so finished to fit the SR2-5PPK25 béarings.
The fit should be a very light thumb press fit in the bearing tube section,
2.2.2 Rotor, The rotor assembly is described in A-2821, The

Alnico IX rotor could not be purchased in the form of a cylinder maénet—

ized across its diameter, It was necessary to take a larger slug of
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material 1" in diameter and 1" in length with its magnetic axis along
the 1" length, A flat was cutv from it so that the magnetic axis of the
flat was perpendicular to the 0.372" length, A round cylinder was cut
from this slab using a copper cylindrical lap and abrasive grinding
Ipowders_. The cylindrical lap was rotated while being intermittently
pressed down against the magnet slab with a mixture of oil -and
abrasive powders puddled on the work surface. This gradually cut a
circular groove through the slab and left the desired cylindrical magnet
in the center of the lap but with an dversized diameter. The magnet
cylinder was then finished to size on its OD after first cementing two
soft steel cylindrical faces on the ends of the magnet and puttir;g centers
in these soft faces for mounting in the grihder. It is necessary to main-..
tain pressure on the centers and grind extremely slowly as the cement
joint and the Alnico IX itself are quite weak. This is fortunate because
a strong bond would probably break the Alnico when trying to release
the pole faces after the grinding operation. The two 303 stainless steel
halves of the shaft shown on A-2821 are then pressed over the cylindri-
cal magnet with loctite Type A adhesive, The relief holes showh permit
the excess adhesive to escape from under the flat faces of the ends of
the cylindrical magnet, The 303 stainless steel shaft parts were left
oversized to they could be finished after the final assembly on the

Alnico IX magnet and thus assure concentricity and straightness for the
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final rotor assembly. When the rotor is finished to its final size the
303 stainless shell will be 0,010" radial thickness over the magnet and
0.010" smaller in diameter than the stator tunnel, therefdre giving ak
radial magnetic gap of 0.015" with a physical gap of 0.005". When the
rotor ié assembled‘in its stator, the axial clearance is held to the
_order of 0,001", but with no preload. SRZ-5PPK25 bearings lubricated
with the F-50 Versilube oil are used, The axial end play is held to a
workable minimum because the axial air gap in the sensor unit must
be kept at a reasonably close value in ordér to maintain the electrical
performance characteristics. The remaining assembly procedures on
the motor will be treatea in the section on the sensor,

2.3 Sensor Construction., The basic stationary elements of the

sensor are an oscillator coil mounted on a ferrite core piece, twelve
pickup coils and twelve ferrite poles on which the coils are mounted
and the enclosing case, The rotating element is a ferrite armature
mounted in a cupped alumint;m piece which in turn is mounted on thg
shaft, The ferrite armature forms the magnetic path for the flux of the
oscillator coil as it passes through the center section of the ferrite core
piece across the axial air gap to the ferrite armature and thence out to
the arm of the armature. The magneﬁc flux then crosses the axial gap
from the armature arm to the stationafy ferrite pole pieces and down

the pole piece to the ferrite core section., As the flux passes down each
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of the poles it produces a voltage in the coil on that pole, Each coilin
turn will produce a higher voltage during the interval when it is
covered by the rotating armature which occurs once per revolution

of the shaft, = .

2.3.1 Oscillator Coil. The bobbin of the oscillator coil is shown

on A~2801, The OD is deliberately made large so that holes in the
flange can be provided to position the ferrite poles. The coil winding
consists of 73 turns #35 HF wire with a resistance of 1.93%, or 2,56Q
with 15" of #32 lead wire. This coil only occupies the space below the
twelve ferrite poles and the leads come out to the exterior befween
the pole pieces. In the left hand flange, which is relatively thick,
there are twelve counterbored holes surrounding the holes for the
poles, These counterbored holes receive the sensér pole bobbins, The
thick walled flange of the oscillator coil bobbin also serves to givg a
good mounting surface for the crown terminal ring A-2967, This

part is used as the connection point for all the leads of the sensor coils
and forms the common connection, The heavy flange also permits the
mounting of twelve terminal pins A-2968, to which the remaining

wire from each sensor coil is connected,

2.3.2 Ferrite Sensor Core. The ferrite core of the sensor is

designed to be made from a standard ferrite piece CF 202 #F975, Some

grinding is required as shown by the detail A-2763, Special tooling to |
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form ferrite parts is quite expensive so the design was based on trying
to use standard available parts with the minimum of grinding.

2.3.3 Ferrite Sensor Pole, The ferrite sensor pole A-2778 has

also been designed to use a standard part with the minimum amount of
rework, In this case, the part is available in longer lengths which must
be cut off to the size shown, This can be done by careful grinding for

larger parts or by sanding with emery discs or belt sanders,

2,3.4 PFerrite Sensor Armature, The ferrite sensor armature is

shown on A -2843 and has been designed so that it can be made from a
standard cup core by grinding, It was found later that the lobe shape
arm can be formed from a part with a complete flanged end by using an
emery disc to grind away the unused flahge portion. This is of value
from an experimental standpoint as it permits a differently shaped lobe
to be formed relatively easily, Because of the weakness of the material,
it cannot be mounted directly on the shaft but must be cemented into a
sensor armature hub A-2779, Due to the dissymmetry caused i)y the
ferrite lobe, the assembly would be quite 'unbalanced. This was compen-
sated partially by cementing a thinner brass duplicate of the ferrite lobe
shape on the opposite side of the hub, 'This accomplished only a gross
correction and the ;ssembly was finally statically balanced. This was
done by mounting the assembled hub on a 0.005" loose shaft and vibi'ating

the shaft axially. The vibration greatly minimized the static friction and
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the hub part would rotate to bring its heavy side down. Excess cement
and some of the aluminum hub were ground off to lighten the heavy side
until no further action was observed. The limit of detection was the
equivalent of a piece of 0.005" adhesive tape 3/16" square. No &ynamic
balancing was done,

2.3.5 Sensor Pole Coil. The sensor coil consists of 80 turns of

#41 HF wire wound on the sensor bobbin A-2777, No leids were
attached as the design is aimed toward the elimination of stranded
wire leads attached directly to the coils. A preliminary design was
tried with stranded lead wires attached to the coils and found to be
impracticable . The leads could not be tied down to the coil bobbins
without making such a large lump that it was impossible to fit the coils
in, After some attémpts using stranded lead wires the method was
abandoned in favor of the system described in the following sections.

2.3.6 Sensor Case. The housing which encloses the stationary

sensor assembly is shown on A-2814, Thisv sensor case fits into the
motor housing by Spreadiﬁg, the end of the motor housing sufficiex;ﬂy
for the sensor housing to pass under the tapered-section at the end of
the motor housing, The motor housing will not spread sufficiently with
only the lead slot and it is necessary to cut three 0.015" wide slots
5/16" long at 90° intervals so the end can be spread open to admit the

sensor housing. In order to insure a locking action, a 3/16" ring
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0.012" thick is pressed over the motor housing which clamps the

sensor housing securely.

2.3.7 Sensor Assembly. The seﬁ‘sor.as__sembly procedure involves

the two main steps of assembling the parts ‘and' sdl&ering leads to the
terminal pins. The first step is mbun;cil;lg the crown terminal ring on
the wound oscillator coil, and t};en placing this on the ferrite sensor
core, The twelve ferrite poles are pushed into position and the twelve
sensor coils pushed over the ferrite poles. The twelve terminal pins
are also pushed into their holes in the bobbin but not completely
because the pins are heated when the leads are soldered on and if they
are not fully seated, the nylon bobbin is heated less. The’ sensor coils
are wound so that the start and finish leads are easily discerned and
the winding direction is kept the same, Each sensor coil has one coil
end soldered to the crown terminal ring and the other end soldered to a
terminal pin. Due to the fact that the electrical lo.éd on the sensor coils
is a half-wave rectifier, the best method of éonnecting the coils is to
have adjacent coils connected in opposite polarity. This means that
coil #1 has its statt connected to the common crown terminal ring,

coil #2 has its finish connected to the common crown terminal ring,

and so on. This connection avoids the possibility of three adjacent coils
with the same polarity connection producing a dc component of current

and magnetic flux in the sensor, After comp'leting this lead soldering
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the terminal pins are pushed into the bobbin and the leads arranged
visually so there is no shorting. The external leads for the sensor
cqils are then soldered to the opposite ends of the terminal pins with
the common lead soldered to the tab of the crown terminal ring,
Considerable care must be taken with heating to prevent the unsolder-
ing of the coil lead on each terminal pin when the external lead is
attached, A heat sink on the coil end of the pin helps in this operation,

2.3.8 Sensor Encapsulation, The sensor encapsulation is done

with the encapsulation fixture A-2813. There is no great need for con-
centricity of the various parts of the assembly because the axial air
gap makes the axial dimehsions of greater importance., In the fixture
there is a central teflon plug which forms the clearance hole in the
center of the assembly and also blocks off the center hole in the ferrite
core piece. A piece of 0,007" teflon sheet blocks the open end of fhe
assembly, The teflon sheet is backed up by a sheet of rubber and this
in turn by an aluminum block Which presses the parts together., Any
clamp can be used and this is not shown, The rubber ailoWs for the
varying height of the sensor poles and presses these poles down
against the flange of the ferrite core piece so that the air gap at the
joint is a minimurﬁ. Also the pressure of the rubber against the sensor
pole makes an indentatior-x which results in a fillet of plastic material

around the sensor pole. This is helpful in supporting the ferrite poles
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for the final operation where the face is '1ight1y ground until thé pole
heights are even. Epon 828 resin (Shell Chemical) is used for eﬁcap-
sulation because it is quite fluid when warmed, Even so, it was found
very difficult to eliminate pockets when the material was poured into
the pouring} slot at the top. (A similar unit was made for another JPL
job and the entire fixture was immersed in the Epon resin and a
vécuum pumped to extract the air from the assembl‘;y. This wofked
much better aé regards elimination of voids, ) After encépsulation, the
unit is cleaned -up and then baked in the fixture at 110°C for a minimum
of 4 hours, The ends of the ferrite poles are lightly ground to give a
0.004" - 0,007" smaller air gap than the core axial gap. The final |
assembled axial gaps are 0.004" - 0,006" for the sensor poles and
0,011" for the cent.er gap between the armature and the ferrite core,

3. ELECTRONIC COMMUTATOR

3.1 General, The electronic commutator éonsists of the shaft
position sensor, logic circuits and the power switches, Its purpose is
to connect all 12 motor coils alternafe;y and at the right time with the
right polarity to the dc power supply. A "Direction of Rotation" command
signai Ry, is given to the commutator. If Rj, isat +5V, fhe motor.
‘shall run in a clockwise direction if viewed from the shaft side and if
Ri'n is at 0V, the motor shall run counterclockwise. The éescriptiqg
of the electronic commutator in thié section applies to the present

condition of the unit and after the numerous changes made in the system
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during the experimental phase, A summary of the experimental changes
Wiil be Afoupd in Appendix II.

The b;.tte.ry voltage supply is separated into two sections, a -3-5 v
section and a -19V section, The +5 V is required for the logic circuits
.and the ;19 V is the balaane necessary to form a total of 24V, the usual

supply voltage,

3.2 Shaft position sensor electronics,

3;2.1 Oscillator. The oscillator coil of the shaft position sensor
is excited with a sinusoidal current of high -frequency. The oscillator is
shown on detail A-28?;9. I‘; is constructed as a separate unit on its own
circuit board and produces a good sinusoidal waveform 'witfx no detectable
dc; cor;1ponent. The sensor unit needs a true ac excitation with as smail
a de component as possible to avoid such difficulties as magnetic satura~-
tion of the ferrite parts in the s;anst)r or distortion of the signal output
from the sensor. If dc were aéplied to the sensor primary coil, as the
sensor armature moves across a coil pole there would be a positive
voltage signal as it entered the pole and a negative voltage as it left the
pole, This would be of relatively small magnitude and probably not
usually troul?lesome. However, since an ac output oscilla‘tor. is easily
made it is preferable to avoid these possible difficulties, The sensor
primary (exciting) coil is the "L" in the circuit and it _forms a tank cir-

cuit with the tuning capacitor ""C". The circuit as finally used requires

20,8 volts battery with an input of 5.1 mA or 106 mW, The oscillator
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frequency is approximately 105 kHz, This frequency is not at all criticvalv
because the sensor is essentially a transformer where a voltage in the
primary (exciting) coil is transformed into a voltage in the individual
sensor coils and this transformati;)n ratio is not dependent upon the fre-

quency directly.

3.2.2 Signal Conditioner. As shown on schematic A—286.é, the 12
individual coils of the sensor are connected to a common ground, and the
other 12 leads going to the commutation circuits., The high frequency
voltages from these 12 leads are modulated with the shaft position infor -
mation, Demodulation is accomplished by rectifi'cation and filtering of
each of the 12 sensor outpﬁt signals. The resulting signal is a dc voltage
whose amplitude is determined by the sensor rotating armature position,
Schematic A-2780A Rev, B shows on the left side the demodulators for
two of the 12 sensor outputs, These signals are subsequently amplified
and squared by an SN17910 operational amplifier in series with SG220
integrated circuit, The SG220 is a Quad 2-Input NAND/N(SR Gate made by

Sylvania used here as an inverter,

3.2.2,1 Sensor Signal. Signals from two sensor coils are shown
on the accompanying oscillograms. with the coils connected to the
demodulator circuit, These were taken at 4500 rpm no=-load and show
the envelope of the high frequency signal. The osci_llator voltage .was
made the minimum so that there was no signs of transistor cut off when

viewing the dc battery supply current, Note there is a minimum signal
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of approximately' 0.6 V p~p through a large part of a revolution of the

motor for the orange sensor,

! """ AC Coil Output Voltage
: "Sweep: 5 ms/cm x 2
Vert: 0.5 V/cm
4500 rpm No Load

=1

)
iz |

L1
.
v

Upper: Orange Sensor
(Lowest Output Sensor)

W,
25

TN

Lower: Vioclet Sensor
(Highest Output Sensor)
Coils connected to rectifier circuit.

The orange sensor had the lowest output, The violet sensor thighest)
had corresponding values of 0,7V p~p, The upper lobe shows .the
positive polarity part of the signal which is rectified by the half wave
rectifier, with a peak of 1.45V for the orange sensor and 1.51 V for
the violet sensor. The lower lobe, the negative cycle is for the non-
rectifying part of the cycle due to the rectifier being half-wave, The

peak voltage of the envelope are 1.7 and 1,9V respectively.

3.2.2,2 Demodulation of Sensor Signal. The sensor signal voltage

of 3,2,2.1 is fed to a half wave rectifier such as CRj on A-2780A and
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to a simple filter circuit of a 0.1 uF capacitor and a 10K resistor,
whose output becomes a signal input to the SN 17910, The demodulated
signals are shown below for the same conditions as the sensor coil
voltages of 3.2.2,1 : ~
DC Output To 17910 Base
Sweep: 5 ms/cm x 2

Vert: 0.5 V/em
4500 rpm No Load

Upper: Orange Sensor -

Lower: Violet Sensor

The peak values are approximately 0.8 - 0,9 V dc. Becausé the diode
has a rmxglﬁ.y constant conduction voltage drop of 0,6V, the minimum
ac sensor signal does not pass through the rectifier circuit and beéome
a dc voltage. The signal is not a square wave shape ,_' particularly the
trailing edge which shows a trail off typical of a C~R circuit. The ‘'on"

time is therefore slightly dependent upon the volta:ge level,
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3.2.2,3 Amplification of Sensor Signal, The SN 17910 unitreceives

the demodulated signals as described in 3.2.2.2 and inveris and
squares these off while amplifying them as regards to voltage. The
SN 17910 turns on between a signal level of 0,6 V to just start and
0.72V to be fully conducting, At a level of 0.7V, the "on'" time for
the signal would be about 8,5 to 10.5% of the full cycle, The output
of the SN 17910 unit is shown below, The normal output with zero
signal is substantially 5 V and with sufficient signal to actuate the
unit, the output is_approximately zero volts., Thus the signal is
inverted while being voltage amplified, Note that the "on' time for
the signal is approximately 8 to 11% of the total time which is roughly
the same as estimated from the demodulated sensor signal of 3,2,2,2,

DC Output from 17910
Sweep: 5 ms/cm x 2
Vert: 2V/cm

4500 rpm No Load

Upper: Orange Sensor

Lower: Violet Sensor
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_The inverted sensor signal is fed into the SG220 to be inverted again
and to be compatible with the logic circuit. The SN 17910 and the
SG220 together form a non-inverting amplifier and 51gna.1 conditioner.
One of the SG220 is. also being used to invert the "direction c;f rota-
tion" command R, and to increase the fan-out of Ry, so it can drive
all gates of the logic circuit. It shall be noted that the amplifiers are
only needed bgcause of thé low power of the shaft position sensor out-
puts, If it had been possible to build a somewhat larger sensor struc-
ture, 'the demodulated sensor signals could drive the logic circuits
without amplification,
3.3 Power Switches, As shown on schematic A-2866 the 12 motor

coils are connected to form a ring winding with 12 junction point con-

nections, These 12 junction point connections receive current from the
dc power supply by means of six power switches, A pair of opposite
junction points are simultaneously connected to the dc power supply,
while all other junction points are "open". The current then divides up

into the two symmetrical branches of the winding,

XONE POWER SwiTCH
_ + )
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This is analogous to the conventional dc motor, the only difference
being the electronic switching instead of the mechanical switching.

Only one ouf of the six pairs of junction points needs to be con-
nected to the power supply at a time. Timing is controlled by the six
pairs of éensor signals, Therefore, the commutating circuits consist of
six identical groups working completely independent of each other. One
such group is shown in schematic A-2780A, These groups become
activated bne after the other as the rotor rotates, The sensor, which is
in the “on"-state, determines which group is activated,

Each power switch has to supply current to opposite junction points
of the ring winding in both directions. The circuit is shown on the right
side of detail A-2780A, It is a bridge circuit, consisting of the power
transistors Q3 through QG_ and the base driveré Q1 and QZ‘ If base
driver Q, is in the "on'" condition, current will be allowed to flow from
the positive terminal of the power supply through transistor Qz, the
motor ring winding, and transistor Qg to the negative terminal of the
pOW.er supply, If base driver Qg is on, current will flow in the opposite
direction through the ring winding, causing the motor to run in the
opposite direction, This is similar to the reversal of polarity applied to
the brushes of a conventional dc motor causing it tq reverse rotation,
Both base drivers Q; and Qg are never allowed to be on simultaneously,

Reverse polarity diodes CRg3 through CRg have been placed across
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the collector -emitter of the power transistors Q3 through Qg. These

diﬁdes prevent voltage spikes on the collectors of the power transistors
during the switching off of the inductive motor cﬁrrent by providing a
secondary pass over which these motor currents can flow until their
enérgy is exhausted. |
Theoretically, only one out of the six power switches needs to
operate at a time. However, this cannot be accomplished preciseiy
because the power switch operates as long as one of the_ two associated
sensor outpufs is sufficiently high. The "on''-time of fhe sensor outputs
cannot be controlled very precisely. In order to-avoid any shaft position
at which no current is flowing, the "'on''-time of the sensor outputs is
made long enough to provide considerable overlap between succeeding
sensor signals. The consequence is that ali:ernately one and two power
switches are feeding current into the ring winding. This results in

temporary shorting of individual motor coils. But since these coils

are passing through the neutral zone of the rotor field at that time, no
harmful effects occur, This is also in analogy to the conventional d¢

motor,

8.4 Logic Circuit. This circuit generates the proper waveforms

to control the power switches., Only the reversible motor needs a logic

circuit, The unidirectional motor would use the amplified sensor ‘signals

directly to actuate the power switches. The logic circuit of each group '
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has four inputs: the sensor signals X and (X+ 6} and the "Direction of
Rotation" command R;, as well as its complementqf{-i'n. The logic cir-
cuit of each group has two outputs Q; and Qz which control one power

switch,

—y
X LOGIC .CIRCUIT = Q)

Xt ——w=
Ry —m (ONE GROUP

Ry —

If Q; is low, current shall flow into junction point M, and out of point
Mg . If Qg is low, current shall flow backwards, The truth table for

this logic is:

X X+6 Ryl Q@ Qo
) o |1 1
10 o || 1 0
o 1 o || o 1
11 o || - -
) 1 1
1 ¢ 1 || o 1
0 1 1 0
11 1 || - -

Taking advantage of the fact that X and (X+ 6) are never 'on" simul-

taneously, the simplest Boolean equations are:

Q; = X R, +(X+6) R,
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The hardware consists of a Sylvania SG220 Quad 2-Input NAND/NOR
Gate integrated circuit. Each contains four logic circuits which each

have the logic pattern shown below,

A
A— A*B 0
1
0
1

mimiolol®

O | | s |

This means that the output signal will always be unity unless both input
signals are unity. If both input signals are unity then the output signal is
zero, The unit}; signal corresponds to ro-ughly 3.9 to-4 V and the zero
signal to approximately 0,25 V~. If the outputs of 2 NAND Gates are tied
together, the circuit will perform the function éxpressed in each of the
Boolean equations above, Fig, 1 shows in tabular form how the logic
sequence occurs for a pair of sensors "X" and "X 4+ 6" which are separated
by 180° on the motér. To help in thé descriptive desigﬁa_tion, each of the
four NAND Gates comprising an SG 220 unit is designated by its cmti)ut
terminal as a subscript with a number indicating whether it is the first
or second SG 220 unit, Thus the first four NAND Gates of number one
SG 220 will be designated as 1, 15, 1k and 1N; The actuél terminalé are
designatea-~ as {117, B; or Az, Bg depending upon whether they are the first
or second AG unit,

Referring to Fig. 1, it can be seen that each of the four NAND Gates
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of integrated circuijt'AGl has one of its inputs maintained at ’unity
because they are connected to the +5V line, The unit lé inverts the
signal from the 17910 which has already inverted the signal from the "X"
sensor so that in effect the output terminal C, is alway‘s the same logic
state as the "X'" signal. The same procedure follows for termiﬁal Gy
with respect to the "X + 6" signal. K; will always be the inverse of Rj,
and Ny will be the same as Rjp The output of N;, is.used to drive the |
remaining five commutation logic circuits, This procedure is necessary
because it was requested that Ry, signal input be kept to the lowest
possible power requirement. The table in Fig, 1 under AG1 shows all
the possible combinations for the inputs of "X", "X +6" and R;.. The
first two rows show the signal "X" is on and the "X +6" is off, R;, may
be forward or reverse as shown. The next two rows show "X + 6" being
on and "X" being off, again with R;,, being forward or reverse. The final'
two rows show the conditions where "X" and "X + 6" are both oft',. with
Rin béing forward or reverse, For these last two conditions, one or two
of the other five commutation circuits will be activated, The condition
that "X" and "X + 6" are both unity does not occur in actuality and there~
fore is not included in the logic table,

All of the inputs of Integrated Circuit AG 2 ma& fluctuate from zero
to unity, As was stated in tﬁe previous section, it can be seen that the
inputs Ay and I, follow exactly the logic of fhe "X" signal and E9 and M3 |

follow the logic of the "X + 6" signal, Referring to the top line of the table
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so as to demonstrate the sequence of the logic operation, the "X"
signal is "on" and thus at unity, the "X + 6" signal is off and therefore
zero and the Ry, signal is at unity. Ay and I follow the "X" signal and
are therefore unity. E9 and Mgy follow the "X + 6" signal and are there-
fore zero, B’2 and L, are the inverse of R;, and therefore zero. F5 and
Hg are the same as Ry, and therefore unity. The 6n1y one of the four
NAND Gates having two unity inputsd and therefore a zero output is ZK'
Referring to the circuit A-2780A, when Ko goes to zero the base of Q;
transistor conducts current and turns on the transist-ors Ql’ QS’ and QG’
This allows current to flow to the right as shown in the armature current
direction sketch on Fig. 1 or as seen on circuit A-é? 80A. It should be
noted that when K9 is zero, the unity output on Nj is pulled down to zero,
The second line of the table has similar conditions of "X" being on and
"X + 6" being off but with a rever sing signal Rj, now being zero. ‘If the
logic sequence is foﬁowed through in the same manner it will be found
that the "on"rtransistor is now Qz which also turns on Q4 and Qg (see
A-2780A). This means that the current in the armature goes from right
to left and therefore the direction of motor rotation will be reversed, A
similar sequence of events will be found in lines 3 and 4 but with a con=-
dition that "X + 6" is on and "X" is off, The current direction in the arma-
ture is reversed from the first two lines for the same direction of rotation,
This is a requirement because the rotor has turned one-half a rgvoldtion

from its first posiiion when "X" was on and the armature current must -
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reverse in order to maintain torque in the same direction as before, The
last two lines merely show that when "X'" and "X +6" are off, there is no
current flowing into the armature from the cifcuit being considered. At
this time, one or two of the remaining five commu‘gv%‘c.ion circuits will be.
conducting current to the armature winding, As meriﬁoned before, the
logic and con';mutation schematic of Fig. 1 and A-27 80A is repeated a
total of six times or six circuits control a total of twelve armature
winding input points. The arrangement of these six circuits on one board
is shown on A-2888, which also shows the various input terminals to each
circuit,

4, TACHOMETER CIRCUIT. The shaft position sensor delivers

one positive voltage pulse at each of 12 output lines for every shaft revo- _
lution. Any one of the 12 sensor signals can therefore be considered a
tachometer signal and could be used for speed control,

The pulses on the 12 sensor output lines appear one after the other
as the shaft rotates due to the equal spacing of the sens-or coils inside -the .
motor, If these pulses would be sufficiently short to not OVerlap, the 12
sensor signals could be logically added to provide a string of 12 bulses
per shaft revolution, This would provide the sensor with the capability of
a tachometer having a resolution of 12 pulses per shaft revolution,

The pulse isolation amplifier has been designed to generate a

narrow trigger pulse on the leading edge of every shaft position sensor
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output pulse, Twelve pulse isolation amplifiers, as shown on A-2865,
are connected to the 12 outputs of the logic circuit. The outputs of all E
isolation amplifiers are tied together.and form the tachometer output., A
narrow voltage pulse appears on this line whenever the motor shaft has
rotated by 30 degs,

5. SPEED CONTROL CIRCUIT. The specifications call for a

control frequency of 2400 Hz to result in a motor speed of 4500 fpm.
Because twelve pulses per motor revolution are now available, the motor
produces a tachometer frequency of 900 Hz at 4500 rpm, A comparison

of the frequencies is tabulated below.

Motor Speed Conirol Frequency Tachometer

Frequency
rpm Hz Hz
8000 4260 1600
4500 2400 900
2000 1065 400
200 106,5 40

The speed control circuit generates a DC vo'l'_cage proportional to the
control frequency and another DC voltage proportional to the tachometer
frequency with the same proportionality factor, The two DC voltages are
compared by a differential amplifier, which controls a motor current
regulator see A~2667, The circuits are adjusted so»that at a control

frequency of 2400 Hz and a motor speed of 4,500 rpm the error signal
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of the differential amplifier is zero, This will cause the regulator to
supply the motor with just enough current to maintain this speed, When -
ever the speed deviates from 4,500 rpin, a pasi;tive or negative error
signal will be generated by the differential amptlifier causing the regu-;
lator to‘ supply the motor with more or less current,

The speed control circuit is ehown on A-2972, The tachometer
signal from the twelve pulse isolation circuits are fed into the right hand
side of the speed control circuit A-2972, The first section is a one-shot
multivibrator, Th“is takes each signal pulse input and generates a con-
stant width pulse output to a simple filter circuit RyC;. T:e output of the
filter circuit becomes a signal to terminal 3 of the differential amplifier
SN 724 L. The zener diode CRjg holds pin 2 at some potential higher than
the -19V input, The zener CRj has an 11.8V total in this unit, Onthe -
left hand side of the circuit A-2972, a similar one-shot multivibtator
and filter circuit 0peretes on the control frequency in the same manner,
The only difference in the two multivibrater circuits is the value of the
capacitors Cg and Cg which must be chosen to give the proper pulse width
| for each section so that a balance is reached in the differentia.l amplifier,
The output of the differential amplifier appears on pin 6 end first passes
through a zener diode CRg of 5,6 V, This zener diode insures that the
base of Qy transistor will always be negative with respect to the zero

volts input to the collector of Q2. Q2 and Q4 are an emitter follower
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configuration where Q4 is a larger transistor which actually regulates
the motor current. The values for all the parts are shown on the "Parts
List for Speed Control Circuit'" A-2972 Supp.

5.1 Speed Control Circuit Operation. Assume that the motor has

been running at some present speed in a stable manner and then has
slowed dom;'n due to some mechanical load increase. Due to the slower
speed, the tachometer frequency is lower and integrates to a lower dc
signal applied to pin 3 of the operational amplifier SN 724: The unbalance
between pin 1 and 3 signals results in a higher voltage at pin 6 which
results in a higher base current to Qg and greater base current on Q4
with a resultant higher collector -emitter current. This applies more
current to the motor which then speeds up., As the motor once more
approaches the desired control speed, the signél at pins 1 and 3 of
SN 724L approach toward balance and the voltage on pin GAfalils. In so
doing, the base drive currents of Qy and Q4 decrease and the collector-
emittier current of Q4, which is also the motor currenf decreases, until
equilibrium is once more established. If the opposite unbalance occurs,
with the motor speed rising beyond the desired controlled speed, an
opposite sequence of events occurs,

6. MOTOR PERFORMANCE

6.1 General, For this section of the report, the motor perform-

ance will be discussed for the motor as it now exists at the end of the
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development work, Where necessary, the commutator performance is
discussed at the same time because the components are so intimately 7
connected that it is difficult to quote performance of the motor without
simultaneously considering the commutator, Three modes of operation
are discussed; operation as a motor with constant voltage or co;;tan-t_w
torque, operation as a speed-controlled motor and operation as a

stepper motor with pulsed electrical inputs,

6.2 Motor Performance at Constant Load. Section (3,1, A) of the

JPL Work Statement requires a test of the motor unit at zero, 10 and

20 g~cm shaft external torque applied to the motor shaft, These tests
were made and the resulis are summarized on curve sheets M-2406,
M~-2407 and M-2408. The data are plotted against the total voltage input
to the commutator as the axis of abscissa, Since the voltage shown is the
actual battery voltage to the commutator, the motor power inputs shown
include the loss in the powe.r switéhes which mainly is the drop across
each collector~emitter of the output traﬁs@stors. The efficiencies shown
are for the actual shaft output torque and also include this loss in the
power switches. The power required for the logic circuit,sensor oscil-
iator and the bases of the final output transistors is not included as part

of this powér input to the motor, The actual shaft efficiencies reach a

peak of 50 to 55% which is reasonable considering the small size of the.

motor,
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6.2.1 Comparison of Design and Test Performance, At the time of

making the design, the motor c .aracteristics were computed ata
constant speed of 4500 rpm for variable loads and plotted on curve
M-2283, This curve shows the electf;omagnétic torque output of the
motor but does not include the iron loss which would add an estimated
6.5 mA of current input to the values shown fof"_ the motor, In order to
make a comparison of the computed and actual performanée, the
computed curve data of M~2283 are replotted on curve sheet M~2453,
An actual test was never made of the motor under precisely the same
condition as called for by the design computations, However, using
curves M~_2391, M-2404, M~2406, M-2407 and M~2408 and making the
proper allowances, a comparison can be made. The torques measured
for these latter curves is shaft'output torque, and an adjustment is
necessary to change these to electiromagnetic torques, From M~-2408,
a curve of no-load output at variable speed, at 4500 rpm the pjower
input is 0,19 W with a current of 26 mA, Copper loss in the motor is
0‘.0262 x 36,0 = 24,4 mW, where 362 is the resistance of the armature,
Therefore the total of core losses, windage and friction loss, spﬂrious
and miscellaneous is 190 minus 24 or i66 mW. This power can be con-

verted into an equivalent torque as followss

watts - 0,166 = 0,050 oz=~in
Toz-in = rpm X 0,00074 4500 x 0,00074 *




1f the computed design value of 0.0109 oz~-in for iron ‘Loss is sub- -
tracted from 0.050 oz~in, the remainder 0,039 oz~in is a maximum
possible windage and' friction at 4500 rpm, ne glecting spurious and
other losses. This is not unreasonable, Values at 4500 rpm are taken
frém the curves M~2391 etc, and plotted on M~2453 with tﬁo adjust-
ménts in values. The estimated windage and friction torque of 0.039~
oz~-in is added to the shaft torque to give a total electromagnetic out-
put torque. In order to allow for the omitted iron loss, 6.5 mA of
current is subiracted from the measured value of current and plotted .
on M-2453. A similar procedure is followed fér the remaining curves,
An examination of these data show that the tested performance is
consider'ably better than the computed performance, The principal
reason for this improvement is that the computed performa'nce makes
an allowance for the loss in the power switches, this being stated as
a 2V total constant drop across the collector -emitter of the_two tran-
sistors in series with the motor armature, This voltage drop J;a.ctually
is much smaller than anticipated and therefore the tested efficiency
ié considerably higher. K is concluded that the de sign performance
has been achieved and even slightly surpassed,

6.3 Motor Performance at Various Voltages and

Ambient Temperatures,

6.3.1 Motor Characteristics at 10 and 25' Volts, The motor charac-

Ali-



teristics were measured at 10 and 25V input as rei;uired by Section

(3, i, B) of the JPL. Work Statement. The 40V point was omitted by verbal
permission because it was relatively less important and there could be
some problem with‘the transistors at this level of input. The motor
characteristics measured are shown on curve M-2404 for 10V‘ input to
the commutator and M~2405 for 25V input to the commutator. Because
5V is always necessary for the logic portion of the power supply, the
input of 10V is split up as 5V + 5V, and the 25V is split up into 5V +20V,
M~2404 shows é.v peak efficiency of 49.5% occurring at a shaft oixtput
torque of 8.5 g~-cm. Curve M-2405 for 25V input shows a peak efficiency
of 55,5% occurring at 21 g-em output shaft torque, These data were
taken at room temperature before the unit was sent for vibration and
environmental testing, For the 25V input level, the data was not con=-
tinued on down to the stall point but stopped at an output torque of
approximately 50 g~cm which is 125% of the nominal maximum load of
40 g-cm considered useful for the motor,

6.3.2 Motor Characteristics at -10°C,+ 75°C and
Room Temperature, Before sending the motor out for

environmental testing, (vibration, shock, etc. ) it was also tested at the
ambient temperature extreme limits of -IO°C and +75°C followed by #
room temperature test, The three tests were conducted at a constént
input of 25V at the commutator, split into two separate inputs of 5\_7 and

20V, The commutator circuit was kept at room temperature for all
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these tests so that the motor only was éubjected to the temperature
change. Therefore all the éhanges noted can be charged to the motor
only. If curves M-2414 for -10°C ambient and M-2415 for +75°C

ambient are compared it shows that the torgue produced for a unit of
current is almost exactly identical for the tempe rature extremes of the
test, At cold temperature the speed at zero torque is slightly less
(15,000 rpm compared with 15,400 rpm for the hot test), This is probably

due to a slight increase in the bearing friction, As load is applied, the
speed for the hot ambient falls off more rapidly than for the cold ambient
due to the higher resistance of the armature winding at the hot temper-
ature, This results in lower efficiency for the hot operation, the maxi-
mum for +75°C being 53% at a shaft torque of 14 g-cm compared to a
maximum efficiency of 56% at 20 g-cm for the -10°C ambient. The room
temperature opefation falls in between these two exiremes, It should be
noted that the input to the sensor oscillator power supply varied slightly
beéause it was adjﬁsted to the minimum voltage which would properiy
excite all the sensor output, This situation will be discuséed in greater

detail in a following section.

6.4 Motor Characteristics after Environmental Testing, After
the environmental tests were performed by Ogden Testing Laboratories.
the motor was retested to determine whether any changes resulted from

the shock and vibration tests,
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6.4.1 Motor Characteristics as Recéived. . The test for compara-
tive performance of thé motor was made at 25;\7 and room temperature,
The test was made on the motor as it was received bacﬁ after the
environmental shock, vibratioq etc, tests had been made, The results
of this motor test are shown plotted on M~2454, These. data can be com-
pared with M-2416 data taken before the environmental tests were made,
The performance is quite similar as regards current,speed, power out-
put and input. The efficier;cy for the motor after environmental testing
peaked out at a lower value by a few percent, but this is not a really'
significant changé. Some change was noted in the oscillator drive
fequirement for the sensors which will bé discussed later.

6.4,2 Motor Characteristics after Examination, The motor was

disassembled for physical examination which disclosed no physicai

signs of damage or change resulting from the shock and vibration-
testing, The motor was then reassembled and remagnetized as usué.l..
The magnetization process consists of placing the motor between "t‘ﬁe
poles of an electromagnet and applying a field of'approximately 18,090A1:
across the motor diameter, The position of the poles in line with the
magnetizing field is first established by passing a low current through
the magnetized coils which will rotate the rotor magnet until its field
lines up with the magnetizer field, Thé results of a load test similar to

the previous section is shown on M~2455, There are some minor
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differences between the data of M-2454 and M-2455. The current at the
low torque on the latest test M-2455 are slightly higher with accompany-
ing higher power input at the same torqué output and therefore lower
efficiency. Thus the efficiency peak is about 50 % compared to 52.5%
for the motor before disassembly, At torques over 25 g-cm, the dif-
ference between the data be gins' to diéappear. No explanation can be
made which is consistent with the known data, It is possible that the

new magnetization resulted in slightly less magnetic stren;gth of the
rotor but it would also be necessary to have slightly higher friction

losses so that the no-load speed would not also be higher,

6.5 Motor Operation in Pulse Stepping Mode, ‘
6,5.1 General. The Work Statemgm {3, iii} calls for measure=~

ment of the stepp-ing characteristics of the motor with a rectangular
input pulse of 50V having a duration of 1 ms, By trial of this type of
input where the motor is stalled, it was found that a voltage of 24V
(#5V and -19 V) gave a current of roughly 400 mA in tﬁe motor which
was judged ample for the test purposes as regards uniformity of
response and represented a reasonable upper limit of current in the
commutating transistors without unduly stressing them, For purposes |
of making the test, the pulse control circuit used is shown in the

schematic A~2921, This circuit controls the TI 1135 transistor and
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makes it conduct for a single short time interval which can be adjusted
for length of pulse by changing the value of the capacitor shown, When
the switch is thrown to the "on'' position, a voltage pul';,sAe is inserted
into the single-~shot circuit turning the transistor on until the other side
of the circuit turns off. The T1 1135 transistor thus acts as a switch in
the ne%{aiiyle voltage line input to the commutator control ciréﬁit. The
pulses produced by this circuit are very similar in terms of leﬁgth of
“on time" as far as can be compared on an oscilloscope, In most cases
the deviation was less than 10%. As will be seen, the test results

showed deviations far in excess of this amount, so that it did not seem
ne'cessary to measure or refine the accuracy of the pulse input any
further at this time,

6.5,2 Performance,

6.5.2,1 Current Pulses, Oscillograms of the current pulses

obtained with a 24 V input are shown on the next page. For the upper
oscillograms, the time that the maximum current is on is 1.1: ms
and the time for start to finish of the pulse is 1,3 ms which makes
the rise and fall time approximately 0,1 ms each. The average pulse
length would thus be 1.2 ms. The lower oscillograms have a full
current on time of 2,1 ms and the total time of 2.4 ms, with an
-average of approximately 2,3 ms, It should be emphasized that these
are gctual currents through the motor and not the voltage applied

across it, The motor was pulsed with the approximate 1 ms and 2ms
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HERBERT C, ROTERS ASSOCIATES, INC,
OSCILLOGRAMS OF MOTOR ARMATURE CURRENT PULSES

JPL #951463

Unit #159 DC Brushless Motor
24 Volts Input to Armature Circuit (+5 and -19V)

A-2921 Circuit

~lvii-

#1
Current Pulse 1.2 ms (approx)
(Voltage across 1R series resistor)

100 mV/cm

Horizontal 0.5 ms/cm

Vertical

Trial A

Trial B

#2
Current Pulse 2.4 ms (approx)

(Voltage across 1Q series resistor)

Vertical 100 mV/cm
Horizontal 1 ms/cm
Trial A
Trial B

&7
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HERBERT C, ROTERS ASSOCIATES, INC.
ARMATURE ROTATION WITH PULSE VOLTAGES APPLIED

JPL #951463
Unit #159 Brushless DC Motor

Armature position after applying one pulsé of current
from circuit A-2921 with 24 volts on the circuit
(-!- 5 and -19 volts), see Osc1110grams #1 and #2

1.2 ms pulse 2.4 ms pulse
380 mA 380 mA
Position Displacement Position Displacement
Deg Deg Deg Deg
O — 50 %~ 22
50§115 220,00
165< 140
215 105 0 <
320 0 225
0 ‘ 140
70 3
17 %25 240 ;g;
24 00 165
345 25 > 265
10 90 270 < 270
10 80 180
18 70 30
250 100 280 %
350 55 17
45 115 13 60
160 45 275 260
205 a5 175
29 65 250
335<— q0 °<255
65 - 100
165 50 35 260
215<—_ 100 295<, 540
315 45 175<_ 515
(i 30 250
e
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pulse lengths shown by the oscillograms. The observations made for
the angle of armature positi_on after each pulse for a series of the-se-
pulses is shown in the table <;n a succeeding page. The 1 ms pulses

. shows stepping motions from a low of 25° to a high 115°, There is

- some evidence that a preferential locking point exists in or around
the zero degree position, Thus, the angular travel when starting
from the zero position is less than when starting from a position like
240°, For 2 ms pulses, the angular interval of travel is more uniform
but still erratic enough to vary from 206° to 285°,

6.5.2.2 Magnetization Procedure Effects on Stepping :

Performance, The rotor magnet is magnetized in place

while it is assembled in the motor so that there may be a tooth
pattern formed on the magnet which results in some lock 1501 nts
during a revolution. To try to eliminate this, the magnetizing field
was increased in strength to 24,000 At across a 3/4" gap (Motor OD).
The magnetizer has 3" diameter pole cores terminating in~2-1/2"
diame’ger 'ferro-cobalt pole face pieces. Thus the magnetic intensity
in the gap is approximately 32,000 At/in corresponding to an a'.ir.flux
density of 102 kMx/in? or 15.8 kG, However, this still did not elim-~
inate the lock points. Therefore to study the operation with a footh
pattern and lock points eliminated, the rotor was disassembled and -

magnetized outside of the stator, This produces a very uniform mag~

netization in the cylindrical magnet rotor and eliminated any lock
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éoints caused by the teeth, Test of the angular steps resulting with
this magnetization showed that the length of angular travel ranged
from 50° to 100° per pulse depending on the position, for 1 ms pulses.
This performance is slightly better than with the rotor magnetized in
place, It shows that some other factor is causing the erratic amount
of angular step motion,

6.5.2.3 Time of Stepping Motion, The actual time for mechan-

.

ical motion was not studied, It is theoreticaliy much longer than the

pulse length because as long as the current exists in the motor,
torque is developed and 'the rotor will accelerate. When the current
ceases, the rotor will be traveling at its maximum velocity and

coast to a stop while decelerated by any braking forces present. Since
the current Wax;re form input to the motor is quite. flat, the-velocity’ of
the rotor is insufficient to cause enough generated voltage sufficiently
large to decrease this current, The current amplitude is determined
by the armature resistance and inductance and the cut-off level of the
commutation and control circuits, Apparently this cut-off level of
current may have been reached since the drop in the mofor winding
resistance for the test is 13,8V (362 x 0,380 A) while the voltage input
was 24V, In any case, because the motor current was constant during
the 1 ms pulse interval, it can be assumed that the torque produced

would also be constant, Therefore the acceleration of the rotor would



be uniform with maximum velocity at the end of the pulse,

6.5.2.4 Continuous Stepping Input. Continuous pulses of 1 ms -

duration at a 500 Hz repetiti‘ve frequency rate were applied to the
motor, No interruptions of rotor speed coﬁld be detected in the form
of steps, and the motor seemed to run as though if were continuousiy
éxcited. Some fhought was given to the possibility of inserting ac
pulses, but these cannot be inserted as an input to the commutation
supply of the dc motor, A possible alternate method of producing
accelerating and braking torques might be a reversal of torque.con-
trolled by the logic circuit, This would require that the reversal
sigﬁal be applied to the commutation logic circuits during half the
cycle time, Then the pulse would produce accelerating torque and
the time between pulses would produce braking torque,

6.5.2,5 Conclusions on the Foregoing Performance, It is con-

cluded for a short pulse length like 1 ms thaf the motor will not step
in uniform increments and that ’the increments will be dependent on
the rotpr starting poéition and that this disparity is roughly 2:1, It
does not appear that one -sided dc pulses will lead to fast and accurate
mechanical action times unless some method of introducing braking
pulses is devised. When a 1 ms pulsé'ot‘ current is applied, the rotor
accelerates during the entire 1 ms "on time" and at the end qf the

interval is traveling at maximum velocity. In order to bring the rotor
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to a halt, an equal or greater braking effort must be applied foit the
"off time" interval, Therefore one problem will be to i_néeftj éuch a
braking pulsé. For example the motyor“ can generate éui‘rent baék- |
Wards through the commautation supply trans'istors if the motor input
terminals could be shorted. Unless these input terminals are
shorted, there is no place for the current to go except to the battery.
This is impossible beca_use the battery voltage always exceeds the
motor generated voltage. Undoubtedly there are ways to accomplish
this braking but the methods may be complex and not justifiable by
absolute need for such a device. The previously mentioned method
of splitting the pulse into an accelerating torque phase and a decel-
erating torque phase by controlling the logic reversal is such a

scheme,. It is suspected that the actual circuit could be quite tricky,
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6.6 Stability of Motor Performance.

6.6.1 General. During the experimental work on the motor, some
changes in the performance characteristics of the sensor took place;
. This change, reason unknown, resulted in a gradual rise in the exciti‘hg
voltage required to drive the sensor p{-_'i{n_'.;tryb exciting coil so that suf-
ficient voltage output on the sensor secondary was obtained to drive the
commutation circuit. A basic cause of thé increase in excitation could
be an increase in the internal air gaps of the ferrite magnetic parts
which make up the sensor or to uncertainty of the axial air gap due to
the end play allowed in the bearings. The internal air gaps between the
ferrite parts are dependent upon the stability of the encapsulating mate-

rial with time, temperature and vibration of the unit.

6.6.2 Dimensional Stability, The motor, as originally made and

tested had an axial end play of approximately 0.001" as to not preload
the bearings. To eliminate this end play as a cause of chaLnges in the
sensor characteristic, a spring was‘made to give a preload force on
the bearings. This spring is shown on the detail drawing A-3008 as it
was finally made, after experimentation té modify the paper design and
obtain the desired force of 8 oz, The shoulder on the shaft at the shaft
extension end was turned off to leave approximately 0.020" axial space.
This space is now occupied by the above spring plus a spacer washer.
The thickness of the spacer washer was adjusted so that the axial »
Amotion was limited to 0.001" if the axial force on the shaft exceeded
the 8 oz preload. The minimum axial air gap between the sensor arma-

ture and the pole is established by the fixed mechanical dimensions of
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the parts having interface contacts. This gap will be maintained at its

minimum value by the spring force.

6..6.3 Environmental Stability. The statiqngry structure of the

sensor was built up of separate ferrite parts whi‘ch were encapsulated |
into an integral structure. There is an air gap between the Ferrite
Pole A-2778 and the Ferrite Core A-2763, Such a surface to surface
contact usually appears to be at least a 0.001" air gap as regards mag-
netic permeance. There is a possibility that gradual changes may occur
in such a gap due to dimensional chanées in the encapsulating material
and shifts in the ferrite parts making up the structure. The unit has
alfeady undergohe a long series of tests for performance and an actual
shake and vibration test series. However, if the unit were not already
stabilized, a series of 10 cycles of temperature fluctuations such as
specified in MIL-STD-202C, Method 102A could cause a further mechan—
ical shift of parts in the encapsulated sensor. Therefore, the motor
with the added preload spring installed was given ten cycles, each
cycle consisting of 1 hour minimum in 85° C ambient, 1 hour minimum
in -15° C ambient. The unit was shifted directly between ambients with-

out a hold time at room temperature.

6.6.4 Stability Evaluation. In order to check the effect of the ireat-

ment of paragraph 6.6.3, on the sensor stability, the motor and sensor
performance were checked before and after the temperature cycling.
One of the changes noted in the past was in the minimum required dc
voltage applied to the sensor oscillator circuit. If this voltage were too

low, one or more of the commutation transistors would cut off due to
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insufficient sensor signal output. Therefore, the minimum acceptable |
operating level will be when all output transistors are just conducting.
This was measured by gradually raising the osciilator‘ dc input voltage
with the motor operating at a 25 volt dc input and a shaft load of

roughly 25 g-cm until all signs of cutoff had disappeared. Another set
of readings were taken with the oscillator dc inpﬁt raised roughly two
volts. These data were taken before and e.aft'er temperature cycling. In
addition, the motor operating data were taken at no-load and 25 g-cm
shaft load with 25 volts dc applied to the motor cémmutation circuit.

6.6.5 Stability Evaluation Results. The results of the experimen-

tation of the previous paragraph are summarized in the tables on the
following pages. The first table compares the output of each sensor
coil before and after the temperature cycling for the minimum oscilla-
tor driving level and at a dc input roughly two volis higher than the
minimum. The ac sensor coil output voltage are shown for the minimum
and maximum output as the armature is slowly turned by »hand. The dc
oufput from the rectifier circuit connected to the sensor coil is also
shown for the min imum and maxi.mum output voltage. The minimum
dc voltage is only included for completeness to verify that the rectified
sensor voltage output goes to zero, The second table compares the
motor performance before and after the temperature cycling with the
motor operating at no shaft load output and also at a nomina.l'load bf

25 g-cm (approximately).

6.6.5.1 Conclusions on Sensor Stability During Temperature
Cycling. An examination can be made of the effect of

temperature cycling by direct comparison of the first four colums
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EFFECT OF TEMPERATURE CYCLING ¥ ON COMMUTATION SENSOR
COMPARISON OF SENSOR OUTPUT VOLTAGE
(AFTER INSTALLATION OF A-3008 BEARING PRELOAD SPRING)
- TESTS WITH STATIONARY ARMATURE

Before Temperature Cycling

+ After Temperature Cycling

Sensor. |AC Sensor Coil DC Sensor AC Sensor Coil DC Sensor
Coil | Output Voltage |Rectifier Output | Output Voltage |Rectifier Output
rms Volts Voltage-Volis rms Volis Voltage-Volts
Max | Min Max | Min | Max | Min Max | Min

Oscillator Circuit Input Oscillater Circuit Input
25.2V 7.38mA, f =105 kHz 24.8V 7.02mA, 105 kHz

Green ' 1,25 | 0.225 | 0.90 o | 1.23 ]| o0.207 | o.88 0

Bl-Wh ' 1.25 0.245 0.92 1.24 0.225 0.84 '

Blue - 1.29 0.245 0.93 1.26 0.226 0.86

Black 1.27 0.226 0.91 1.25 0.219 0.82

Violet 1.29 0.250 0.94 1.30 0.184 0.86

Brown 1.28 0.225 0.92 1.25 0.219 0.86

Purple | 1.25 | 0.230 0.90 1.23 | -0.220 | 0.85

Yelow 1.30 0.235 0.94 1.30 0.186 0.89

White 1.21 0.226 0.86 1.25 0.165 0.80

Orange 1.20 | 0.194 0.86 1.18 0.189 0.825

Gray 1.25 0.215 0.92 1.25 0.214 0.870

Red 1.30 0.240 0.90 1.29 0.234 0.890 ‘

Average| 1.262 | 0.230 0.908 Y 1.253 | 0.211 | 0.854 U
Oscillator Circuit Input 'Oscillator Circuit Input
27.2V 7.80mA;f = 105 kHz 27.2V_7.79mA; { = 105 kHz |

Green 1.31 0.225 0.99 0 1.35 0.229 0.965 0

Bl-Wh 1.34 |0.247 1.00 1.36 0.250 0.86

Blue 1.36 |0.245 1.02 1.40 0.250 | 0.97

Black 1.35 [0.238 1.00 1.36 0.240 0.96

Violet 1.35 0.245 1.04 1.45 0.202 1.00

Brown 1.35 |[0.236 1.01 1.37 0.240 1.00

Purple 1.31 [0.239 1.00 1.35 0.242 | 0.97

Yellow 1.35 [0.245 1.02 1.44 0.206 1.00

White 1.29 (0.237 0.92 1.35 0.183 | 0.93

Orange |1.26 |[0.204 0.92 1.30 0.206 | 0.92

- Gray 1.33 |0.226 0.98 1.36 0.231 0.965
Red 1,39 {0.253 1.01 : 1.40 0.256 | 1.00 '
Average [1.333 [0.237 | o083 | T [1.374 | o.228 |0.970
+ (10) . Temperature Cyeleé -15° C to 85° C o -15° C, one hour minimum
at each temperature.
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EFFECT OF TEMPERATURE CYCLING * ON MOTOR PERFORMANCE
(AFTER INSTALLATION OF A-3008 BEARING PRELOAD SPRING)

25 VOLTS DC APPLIED TO MOTOR CIRCUITS

Before Temperature | After Temperature
Cycling + Cycling
Minimum 27.2V Minimum 27.2V
Dscillator {Oscillator|Oscillator| Oscillator
Input Input Input Input
Oscillator DC Input
Voltage 25.2 27.2 24.8 27.2
Current mA 7.22 7.88 7.02 7.76
Power mW 182 214 174 211
NO LOAD
|Motor
Battery Input Current mA 44.6 51 45.9 50.9
Battery Input Power mw 1117 1275 1144 1270
Motor Shaft Torque g-cm 0 0 0o 0
Speed rpm 14320 14600 14160 14400
25.7 g-cm Shaft Load
Battery Input Current mA 213 214 211 219
Battery Input mW 5330 5355 5285 5475
Motor Shaft Torque g-cm| 25.7 25.7 25.7 25,7
Speed rpm 10400 10600 10120 10450
Shaft Power Output mW 2747 2800 2674 2761
Efficiency % 51.5 52.3 50.6 50.4

+ (10) Temperature cycles -15° C to 85° C to--15°C, one hour minimum

at each temperature
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(before) to the last four columns (after). An averaged value of the
twelve sensor readings is included. Individual coil values are
somewhat erratic because it is difficult to obtain the true maxi-
mum reading. The minimum dc oscillator input voltage required
for complete commutation appears to show a drop to 24.8 volts
after terﬁperature cycling 'compared to 25.2 volts before. This is
believed to be a result of the difficulty in setting an exact minimum
value to the current cutoff of the commutation transistor. The d¢
sensor circuit output-voltage after temperature cycling is quite a
bit lower, 0.854 volts as compared to the 0.908 volts before. Such
a difference could be interpreted to mean that the electronic com-
mutation circuit had changed and not that the sensor had altered
characteristics, A lower dc oscillator input will normally produce
a lower dc rectified sensor output. A better comparison can be
made from the average values for a 27.2 volt dc oscillator input.
There is virtually no change in the oscillator input current and
véry little change in the sensor outputs. In fact, for the 27.2 volt
input, while the average dc sensor coil output has increased 3%
after temperature cycling, the dc rectified sensor coii output has
decreased 2.4%. For all practical purposes, it is concluded that
the temperature cycling has not affected the performance of the

sensor.

6.6.5.2 Conclusions on Motor Performance Stability During
Temperature Cycling. The results summarized in the

second table for motor performance before and after temperature
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cycling show no significant changes in any of the parameters such
as motor current and motor speed. Any changes can be the combi-
nation of experimental error in readings plus the possibility of
variation in bearing friction. Therefore it is concluded that the

temperature cycling has had no effect on the motor performance.

6.6.5.3 Final Conclusion on Sensor Stability., From the past

history of the motor-sensor unit it is concluded that the unit is now
stablé and that this stability is a result of:

a) Passage of time plus vibration and shock testing

b) More precise axial positioning of the shaft and preloading

of the bearings. |

The temperature cycling had no further effect on the unit. The
value of performing a temperature cycling operation can be deter-
n_ﬁned only on a new motor unit in combination with the condition
(b) above. On such a fresh unit it can be conceived that the temper-
ature cycling will help stabilize the unit without the opefatioh of {(a)
conditions above. Such a temperature cycling operation should be

specified on any further motors of this type.

6.7 Speed Control. The theoretical mode of operation of the speed

control circuit is described in section 5.1 of the report.

6.7.1 Test of One-Shot Multivibrators. The desired frequencies

at the ‘speed governing point are as follows:

‘Motor Speed rpm 8000 4500 2000 200
Control Frequency (0OS-1) Hz 4260 2400 1065 106.5

Motor Speed Frequency (OS-2) Hz 1600 900 400 40
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The motor speed frequency is based upon generating 12 pulses per
revolution of the shaft and is equal to rpm x "';'g"'. The one-shot
multivibrators will be referred to as OS-1 for the spee&'ii:ontr’ol
_frequency signal and OS-2 for the motor speed frequency signai.An
initial test of these units was performed with the results shown on
M-2348 which shows the filtered output voltage from the one-shot
multivibrator (this is also the input to the differential amplifier).
versus the input frequency to the one-shot multivibrator. The inpuf
frequency was obtained from a sine wave oscillator for the‘se> tests.
The solid line curves show actual data for the two units and is
reasonably linear. For comparison purposes, the_ data fér OS-1 was
replotted (dashed curve) to show the output voltage at a frequency
ratio of 900/2400. At any frequency, for perfect speed control, the
voltage of OS-1 and OS-2 should be equal. Although this is not-quite
true, it will be possible to correct the major differencé by adjusting
the circuit parameters to achieve the same curve slope. At very slow
speeds, the curves appear slightly different in shape and may fequire
an added correction. The basic concept of a signal output proportional
to frequency input looks sufficiently workable to use for speed control

purposes over a considerable range.

6.7.2_Final Status of Speed Control Circuit. Further work on the

speed control circuit was stopped in favor of additional work on the
sensor stability discussed in Section 6.6. The present condition of fhe
speed conﬁrol circuit is shown on A-2972, This circuit does not success-
fully control the motor speed because the motor hunts violently in

speed. This unstable condition appears when the servo loop is closed

and the motor speed signal is féd into the control circuit at OS -2,
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' 6.7.3 General Remarks. In the test wé_rk on the speed control cir-

cuit, there has been a relatively high rate of failure of various semi-
conductor components, the cause of which is unknown. Some failﬁrés F "
have also occ&red in ndrrﬁal motor testing without the speed cox;:i‘:rolk .
circuit. These failures have occurred mostly in the commutation traan
sistors Ql and Q3 Vof A—2780A, and several failures in the logics cireuit
SG 220 (AG-2) of A—2780A. These breakdowns have continued even

éfter various precautionary circuit protections such as reverse current
diodes have been installed. Ii would be advantageous if any further work
were to be dohe, to start analysis with a lower frequency motor speed
signal obtained by using only one-half or less of the commutation cir-

cuits to produce the motor speed signal.

7.0 CONCLUSIONS AND RECOMMENDATIONS
7.1 Motor. From the design and performance of the teét unit the
following conclusions are drawn:
a) The motor output performance is very good and in agree-
mént with calculated values. |
b) The use of a ring armature winding has beep satisfactory
and has produced no unknown extra losses.
~ ¢) The elimination of the mounting hole in the rotor magnet is
quite important to obtain the best performance in a motor
with a small diameter such as the subject one.
d) The method of retor construction with a two-piece shaft is
stable mechanically and has not distorted with time, temper-

ature cycling and shock and vibration tests,
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e) The motor cannot be used in stepping oper?tions with its
present method of commutation and control and no simple
method of achieving a stepping action has been devised.

7.2 Sensor. The following conclusions are made respecting the
sensor and its performance:

a) It is possible to build an operable electromagnetic twelve
pick-off sensor within the allowed 3/4" diameter.

b) Some aging changes have been noted in the performance
characteristics of the sensor which may be a result of
either time or the environmental tests or both.

c¢) Temperature cycling operations per MIL-2020 produce no
further effect after the changes of (b) above have oCcurr_eti.

d) It is believed possible to bring about an earlier stabilization
by performing such a temperature cycling operation imme-
diately after assembly.

e) The use of a bearing preloading spring is desirable for
stability of sensor performance,

f) The present shielding method has yielded almost completely
satisfactory conformance to the radio interference speci-
fications.

g) A two terminal oscillator as designed has proved to be simple _

and reliable,

7.3 Logic. With regard to the logic portion of the circuit, it is
concluded that:

a) The method of obtaining a reversal of motor rotation by logic

switching semiconductors is completely workable,
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b) Although the power consumed may be considered relativeiy
- high, except for a laboratory model, such power consumption
should be capable of reduction in new designs.
c) The frequency of component failure has been higher than
would be expected in normal usage,

7.4 Commutation Circuit. For the commutation circuit it is con-

cluded that:
a) The final circuit is satisfactory as regarding yielding good
motor performance,
b) The failure of semiconductor components in the commutation
portion of the circuit has been much more frequent than

expected and the reasons are not known,

7.5 Recommendations., From the experience gained in the per-

formance of this job it is recommended that;

a) The motor and sensor construction for any future experi-.
mental work should be made to use fewer armature coils,
slots and sensor output coils so that the accompanying
electronic circuits will be fewer in number and easier to
experiment with,

'b) When less sensor coils are used, construction methods
using one piece ferrite magnetic circuits may be possible,
This will avoid the problem of possible changes in air gaps
in composite ferrite assemblies in the sensor.

c¢) Where multiple composite ferrite assemblies are used in a
sensor construction, care.fui consideration should be given

to the temperature-time stability of the encapsulating resin,
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d)

A temperature cycling operation should be the first step
after an encapsulation assembly operation to assist stabili-
zation,

Further work is needed on the reliability of the various

logic and commutation semiconductors and the effect of

the circuit operation. Higher voltage transistors should
be an initial improvement trial on actual hardware coupled
with a thorough circuit analysis and circuit current and

voltage measurements as a parallel effort. -
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APPENDIX I
MOTOR DESIGNS

This section is included as a brief discussion of the preliminary designs
made before the final unit design. Tﬁe ﬁrst design #1 demonstrated that
it was almost a necessity to find a method for eliminating the shaft |
mounting hole in the magnet and thus obtain a larger magnét Cross
section area.

Design #2 introduced the change to a solid magnet rotor (no shaft hole)
which provided a large increase in available magnef flux. The yoké ring
was changed to silicon steel because of its higher' flux carrying ability
compared to nickel-iron. The length was reduced to 0-.30" to approach
the desired overall mdor length of 1-1/4". 11 slots were picked as a
reasonablé number coﬁsidering problems of. leads and sensor coils.
M-2276 shows the computed performance.

Design #3 is similar in all respects to #2 except that the stator length

is increased to 0,372" and the winding changed accordingly. M-2275 shows
the éomputed performance and the relatively large improvement in
efficiency at the higher load levels. For examplé, at 0.5 oz~in the
efficiency for the 0.372" stator length is 32% compared to 23% for the
0.30" stator length. Since the stator length is a small part of the over-
all motor length, the longer stack was chosen by mutual agreexhent with

" JPL. The axial length of the motor is distributed roughly as follows:
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Back end cover

Clearance to end connections
Back end connection

Stator stack length

Stator stack end insulators

Front end connections

Clearance between front end connections
and bearing support plate

8. - Front bearing support plate

10.
11.
12.

13
14,

Design #4 is the final design and is modified to have a 12 slot stator,

Clearance between front bearing support
plate to sensor rotor support plate

Rotor support plate

Sensor rotor, axial thickness
Sensor coil space

Sensor yoke

Front case cover

Total Length

0.025"
0.010"
0.171"
0.372"

0.020"
0.171"

0.015"

10.025"

0.050"
0.050"

0.050"
0.278"
0.050"
0.025"

1.312"

APP.1
Sheet 2

a ferrocobalt yoke ring, the stator lamination material changed to silicon

~ steel and a thinner rotor magnet housing which permits a 0.015" effective

rotor-stator radial air gap. The computed performance is shown on

M-2283 and is roughly comparable with Design #3. The motor construc-

tion and performance are described in the main body of the report.

A tabulation of the important mechanical sizes and parts material for

each of the designs is listed below.
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APP.

Sheet 3
Design Design Design X
#1 - #2 #3 Final
OD Stator ~in 0.719 0.688 0.688 0.700
ID Stator in 0. 322 0.372 0-372 0.342
Length Stator in 1/2 0.300 0372 0.372
Number of teeth 15 11 11 12
Tooth Width in 0.059 0.037 . 0.037 0.028
Gross Slot Area in2  0.0054 0.00851 0.00851 0.0102
Turns per coil 121 98 82
Wire Size #43 #40 #39 #38
- Armature Resistance ‘
(brush-brush) 2 - 71.0 5.6 36.0
Stator Material Nickel Nickel Nickel Silicon
Iron Iron Iron »
Yoke Ring Material Silicon Silicon Ferr b
& Steel Steel errocobalt
Rotor OD in 0.312 0.312 0.312 0.312
" Rotor ID in 0.125 0 0 0
Rotor Length in 0.500 0.300 0.372 0.372
Material Alnico IX Alnico IX Alnico IX Alnico IX
Radial Air Gap 0.005" 0.020" 0.020"  0.015"
Computed Performance - M-2276 M-2275 M-2283
Design
#1 Abandoned because teeth too large, winding too fine wire
#2 " " too long
#3 Decided to make 12 slots, change to Ferrocobalt yoke and thinner
case wall ' '
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APPENDIX 11

EXPERIMENTAL EVALUATION OF THE LOGIC,
AND COMMUTATION CIRCUITS .

The following section describes the principal changeé in the circﬁitry : |
for the motor power supply from the early conception stage to the final
 delivered stage.

The commutation circuif in its first complete outline is shown on
A-2760. The final circuit is shown on A-2780A and the following des-
cribed changes were made at various times.

1  The sensor output rectifier-filter circuit (C; + Ry of A-2780A)
was made 0.1 uF and 10 k to speed up the response of the se;lsor
rectified signal output.

2. Decoupling inductors were added (L1 and L) and a filtering
capacitor Cg to eliminate a tendency of some bar circuits to
oscillate.

3. Resistance R3 and R4 were added to limit the base currents in

Qi and Qg and AGay.
4. Reverse polarity diodes CR3, CRy, CRg and CR6 were added to

help dissipate any pump-back of current through the output
transistors Q3, Q4, Q5 and QB' Such a reverser direction voltage
might arise when the opposite bridge transistors Q4 and Qs;
clanip off and the inductance of the winding generates a voltage
from Mg to M; with M; possibly rising higher than the 5 volt

bus voltage.
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APP. 11
Sheet 2

The output signals from each half of the bar circuit were
brought out separately to each other. Whéh} all the outputs of
the six bar circuits were brought to a common, there was too
much interference between the commutator circuits resulting
in false switching and other problems.

The Pulse Isolation Amplifier of A-2865 was added to each bar

output (12 outputs) to eliminate the feedback problem of Item 5.

-1-2-



APPENDIX III

ENVIRONMENTAL TESTS

This appendix consists of the feport of the environmental tests
"Originators Report No 6D108-4" perféfm'éd by Ogden Technology
Laboratories, Inc., OT L Job Number 7667, Herbert c Roters Assoc-
iates, Inc. purchase order 1940. All tests were passed except for the
radio interference test where some interference exceeding the 1im‘it
as noted at various points as discussed in the Ogden report section
4.1.1. Their Figure 1 shows the amount of excess over the specification,
a maximum of perhaps 12% at some points. No comment will be made

about the importance of these results or the need for improvement.

~I-1-
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PHOTOGRAPH OF UNIT #159 S/N 1
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BRUSHLESS DC MOTOR INCLUDING ELECTRONICS

DC BRUSHLESS MOTOR UNIT #159 S/N 1
EXPERIMENTAL COMMUTATION CIRCUIT (TOP),

INTERCONNECTING SHIELDED CABLE AND
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nor any obligation whatsoever; and the fact that the Govern~
ment may have in any way formulated, furnished, or supplied
the said drawings, specifications, or other data, is not to
be regarded by implication or otherwise as in any manner
licensing the holder or any other person or corporation of
conveying any rights or permission to manufacture, use, or

sell any patented invention that may in any way be related
thereto.
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ADMINISTRATIVE DATA

TEST REPORT: eplog-4

TEST CONDUCTED: Environmental Tests

MANUFACTURER: Herbert C. Roters Associates

45 North Mall
Plainview, N.Y. 11803

MANUFACTURER'S TYPE OR MODEL NO.: Brushless D.C.Motor

Unit 159, Prototype

'DRAWING, SPECIFICATION OR EXHIBIT: Jet Propulsion Laboratory Spec.No.30250B,

dated 15 March 1963
Para.s 4.3.1, Amend.2, 4.3.2, 4.3.3.3,

Amend.l & 2
QUANTITY OF ITEMS TESTED: One (1) unit

T ITEMS: .
SECURITY CLASSIFICATION OF ITEMS Unclassified

DATE TEST COMPLETED: 18 April 1968

TEST CONDUCTED BY: Ogden Technology Laboratories,Inc.

DISPOSITION OF SPECIMENS: Returned to Roters Associates

DATE OF TEST REPORT: 7 May 1968
MANUFACTURER'S PURCHASE ORDER NO.: 1940

ABSTRACT: Refer to Test Results, Para. 4.0,
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1.0

l.1

1.3

l.4

1.5

1.6

FACTUAL DATA

TEST EQUIPMENT

Centrifuge

- Genisco Co.

Model: 50159 S/N C-30
Calibration: Annually
Last calibration: 5/22/67

Vibration Exciter

M. B. Electronics

Model: C50

Calibration: None required

Power Amplifier

.M. B, Electronics

Model: 4150 .
Calibration: None reguired

Accelerometer ‘
Columbia Research Labs.
Model: 902 S/N 136
Calibration: 6 months
Last Calibration: 1/9/68

Automatic Vibration Exciter Controller
‘Bruel & Kjaer

Model: 1019
Calibratiop: Before each use

Tracking Filter
Spectral Dynamics Coxp.
Model: SD-101A

Calibration: Before each use




1.7 Signal Amplifier
Unholtz-Dickie Corp.
Model: 607-RMG-3A
- Calibration: Before each use

1.8 Tape Transport
Minneapolis-Honeywell Co.
Model: LAR-7400
Calibration: Before each use

1.9 Automatic Random Equalization Console
M. B. Electronics
Model: T388 80/25 ,
Calibration: Before each use

1.10 Low Frequency Vibration Exciter
Ogden Technology Laboratories,Inc.
Calibration: None required

1.11 Controller
- Data Trak
Model: FGE5110
Calibration: Before each use

1.12 Low Frequency Function Generator
Hewlett-Packard Corp.
Model: 202A
Calibration: 6 months
Last Calibration: 12/9/67

All instrumentation and equipment calibration is conducted
in accordance with Specification MIL-Q-9858A as further
defined in MIL-C-45662A "Calibration System Requirements"
and is traceable to the National Bureau of Standards.



2.3

2.4

TEST SEQUENCE

Electromagnetié Interference .
Vibration Test
Shock Test

Acceleration Test

Test




3.0 TEST PROCEDURE

3.1 Electromagnetic Interference Test

The test was performed in accordance with

Report No. 6D108-4A (included herein as Appendix A)

Vibration Test

The D.C. Brushless Motor, Unit No. 159, Prototype,
hereinafter referred to as the test sample, was
attached firmly and seéurely to the vibration exciter.
The test sample was then subjected to the vibration
test along an axis parallel to the vehicle axis of
thrust and in two other orthogonal directions, which
were also perpendicular to the axis of thrust. The )
test sample was subjected to two test procedures -

Test Procedure I Low frequency test and Procedure III1

complex wave vibration test.

3.2.1 Low Frequency Vibration Test

The test sample was subjected to sinusoidal vibration
at frequencies between 1 cos to 15 cps for three
minutes at an amplitude of + 1.5 inches displacement

from one (1) to 4.4 cps, and 2.1 g RMS(ét 3.0 g peak)
from 4.4 to 15 cps.

R



Sweep time from 1 to 15 cps was 1.5 minutes and was
performed twice.

Complex Wave Vibration Test

The test sample was subjected to the vibration tests
specified and the test executed by means of a magnetic
recording tape. The test consisted of a taped
programmed sequence of band limited Gaussian noise

and combined noise and sinusoidal vibration. The total
time'in'eagh orthogonal direction was thirteen.(13)
minutes and 36 seconds. The test sample was operating

during this test.

The test(programmed) was as follows:

(2) White Gaussian Noise: 0.2 gz/bps from 300 to
1000 cps, with a 6 db per octave roll-off from
1000 to 2000 cps, a 3 db per oétaveyroll-off
from 300 cps to 20 cps, and a 24 db per octave
roll-off below 30 and above 2000’cps for three

minutes,



(b) White Gaussian Noise: 5.0 g (RMS), band limited
between 15 and 2000 cps plus a 2.0 g (RMS) sinusoidal
superimposed on the noise between 15 and 40 cps.

(c) White Gaussian Noise: 5.0 g RMS, band limited
between 15 and 2000 cps plus a 9.0 g RMS sinusoidal
superimposed on the noise between 40 and 2000 cps.
The sinusoidal sweep w%s froh 15 to 2000 and back
to 15 cps in 10 minutes at a rate increasing

directly with frequency.

Shock Test

The test sample was subjected to five (5) terminal peak
sawtooth shock pulses of 200 g magnitude and 0.7 #+ 0.2
millisecond rise time applied in each of the three (3)
orthogonal directionsf The test was performed utilizing
the electrodynamic shock synthesis technique. The test

sample was operating during this test.



3.4 sStatic Acceleration
The test sampie was subjected to a static acceleration
of + 14 g in three orthcgonal directions, one direction
parallel to the axis of thrust, for fivé minutes each.

( The test sample was not operated during acceleration.)



4.0 TEST RESULTS

4.1 Electromagnetic Interference Test

a.

See Appendix A ~ EMI Test Report. -

4.2 Vibration Test

4.2.1 Low Frequency Vibration Test

Q.

"There was no visible evidence of damage to the

test sample.
Electrical operation of the test sample was
performed by Roters representative and was

reported operating correctly after the test.

4.2.2 _complex Wave Vibration Test

a.

There was no visible evidence of damage to the
test sample.

Electrical operation of the test sample was
performed by Roters representative and was
reported operating correctly after the test.
See Appendix B - Equalization Curve

See Appendix C - Photographs



5.0

Shock Test

a.

There was no visible evidence of damagg to the
test sample.

Electrical operation of the test sample was
performed by Roters representative, and was
reported operating correctly after the test.

See Appendix C - Photographs

Static Acceleration

a. There was no visible evidence of damage to the
test sample.

b. Electrical operation of the test sample‘was
performed by Roters representative and was
reported operating correctly after the test.

c. See Appendix C - Photographs

RECOMMENDATIONS

- None. Test results contained herein are submitted

for your evaluation, . .
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Electromagnetic Interference Test




UNIVERSAL REPORT NO.
ORIGINATORS REPORT NO._6D108-4 A
REVISION

REPORT OF TEST
ON

TEST PERFORMED BY __Ogden Technology Laboratc;ries, Inc._
TEST AUTHORIZED BY_Roters Associates
CONTRACT NUMBER

PURCHASE ORDER NUMBER 1940
OTL JOB NUMBER 7667

Date Signature
Test Initiated 4/9/68 0
~ Test Completed 4 /9168
Report Written By 4/18/68 D. McParland |

Technician

D. McParland
Test Engineer

Supervisor

Supervisor

Quality Assur ance

Government Repr.,
(if applicable)
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Notices

When Government drawings, specifications or other
data are used for any purpose other than in connection
with a definitely related Government procurement operation,
the United States Government thereby incurs no responsibility -
nor any obligation whatsoever; and the fact that the Govern-
ment may have in any way formulated, furnished, or supplied
the said drawings, specifications, or other data, is not to
be regarded by implication or otherwise as in any manner
licensing the holder or any other person or corporation of
conveying any rights or permission to manufacture, use, or
sell any patented invention that may in any way be related
thereto.
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TEST REPORT:

TEST CONDUCTED:

MANUFACTURER:
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DATE OF TEST REPORT:
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ABSTRACT;

6D108~-4A

Radieo Frequency Interference

Roters Associates

Brushless DC Motor
Unit 159 - Prototype

Jet Propulsion Laboratory Specification
30236A dated 20 October 1961,

4,4.,2 and 4.4.4.2

One

Unclassified

April 9, 1968

Control

Para.

Ogden Technology Laboratories, Inc.

April 18, 1968
1940

See Test Results



Section 1.0 Test Egquipment

1.1 Noise and Field Intensity Meters & Pickup Devices

1.2

A.

EQ

NF-105, Serial Number 3440
Frequency 0.15 to 1,000 MHz
CAL: 2/7/68

CAL DUE: 5/7/68

41 Inch Rod Antenna (VA-105)
Dipole Antennas DM-105-T1, T2, T3
NF-112, Serial Number 129
Frequency 1 to 10 GHz

CAL: 4/5/68

CAL DUE: 7/5/68

AT-112 Pyramidal Antenna

Signal Sources

AQ

F.

General Radio Type 1330-A, Serial Number 2282
Frequency: 10 kHz teo 50 MHz

CAL: 2/1/68

CAL DUE: 5/1/68

General Radio Type 1215B, Serial Number 308
Frequency: 50 to 250 MHz

CAL: 2/1/68

CAL DUE: 5/1/68

General Radio Type 1209C, Serial Xumber 7278
Frequency: 250 to 960 MHz

CAL: 3/18/68

CAL DUE: 6/18/68

Narda Signal Source 451, Serial Number 13-109
Frequency: 750 to 2750 Miz

CAL: 2/1/68

CAL DUE: 5/1/68

Polarad Signal Source 1206, Serial Number 1-7
Frequency: 2.0 to 4.0 GHz

CAL: 3/1/68

CAL DUE: 6/1/68 ———nr

FXR Test Oscillator Model C772A, Serial Number 388
FRequency: 4.0 to 8.0 GHz

CAL: 3/1/68

CAL DUE: 6/1/68

-y
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FXR Teét Oscillator Model X772A, Serial Number 382

Frequency: 7.0 to 11.0 GHz .
CAL: 3/1/68

.CAL DUE: 6/1/68

Tektronix Oscilloscope

Type 535, Serial Number 10217
CAL: 12/26/67

CAL DUE: 6/26/68




2.0 Test Sequence
2.1 Radio Frequency Interference Control
2.1.1 Radiated Interference (0.15 to 10,000 MHz)

2.1.2 Radio Frequency Radiated Susceptibility (0.10 to 10,000 MHz)




3.0 Test Procedure

3.1 Radio Frequency Interference Control

3.1.1 Radiated Interference (0.15 to 10,000 MHz)

The DC Brushless Motor, Unit 159, Prototype, hereinafter referred to
as the test sample, was set up on the ground plane of the shielded enclosure.
The test sample was connected to +5 VDC and -19 VDC through a circult board
by means of a multiconductor cable.

The speed of the test sample was regulated by a control unit and was
operated in its normal operating condition. The test sample was insulated
from the ground plane by a non-conductive pad.

The power supplies, circuit board, and the control unit were shielded by
aluminum foil to insure that the interference observed was not emanating from
them and that they would not be affected by the susceptibility signals radiated
at the test sample.

Broadband radiated interference was measured from 0.15 to 400 MHz and
all frequencies from 0.15 to 16,000 MHz were scanned for narrowband interference.

3.1.2 Radio Frequency Radiated Susceptibility (0.10 to 10;000 MHz)

The test sample was subjected to an R-F field in sccordance with Para.
4.4.4.2 of JPL Specification 30236A. The antennas listed below were positioned
one foot from the test sample in the frequency range of 0.10 to 1,000 MHz and
at three feet distance in the frequency range of 1 to 10 GHz. The signal was
modulated 307 with 400 Hz.

Frequency Microvolts Antenns
0.10 to 25 MHz 100,000 41 inch rod
25 to 35 MHz 100,000 35 MHz Dipole
35 to 1,000 MHz 100,000 Tuned Dipole
1,000 to 10,000 MHz 100,000 AT-112 Antenna

The voltages specified are those which exist when the generator is
terminated in its characteristic impedance.

The test was conducted with the same setup described in Para. 3.1.1 of
this report. The output of the test sample was monitored for any change by
means of an oscilloscope. Any change in indication, malfunction or degradation
of performance would be considered an exhibition of susceptibility.

o



4.0 Test Results

4.1 Radio Frequency Interference Control

4,1.1 Radiated Interference (0.15 to 10,000 MHz)

Interference exceeding the limits shown in Figure 8 of JPL Spec. No.
30236A was observed at 0.15, 0.20, 0.30, -0.40,-0.60, 0.80, 1.0, and 2.5 MHz, -
This is shown on Data Sheet 2, Appendix A, and Figure 1, Appendix B.

Interference exceeding the limits shown in Figure 8 of JPL Spec. No.
30236A was observed at 77 and 110 MHz. This is shown on Data Sheet 3,
Appendix A, and Figure 1, Appendix B.

No other interference exceeding the limits mentioned above was observed.
This is shown on Data Sheets 2, 3, and 4 of Appendix A,

4.1.2 Radio Frequency Radiated Susceptibilitvy (0.10 to 10,000 MHz)

No change in indication, malfunction or degradation of performance was
observed. This is shown on Data Sheet 5 of Appendix A.



APPENDIX A
Data Sheets Including Sketch of:

Test Set Up and Observed Data’
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APPENDIX B
Graphical Presentation Including Interference

Observed and Specificationilimits
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APPENDIX B

Random Vibration
Equalization Spectrum
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APPENDIX C

Photographs



MOUNTING METHODS FOR SHOCK AND VIBRATION TESTIN

X Axis




SHOCK PULSE PHOTOGRAPHS

X Axis
calibration
Vertical: 50 g/em
Horiz: 0.2 ms/cm

Y Axis

Z Axis
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ACCELERATION TESTING

X Axis

¥ Axis
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